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SUMMARY
The Balkan area provides an almost continuous record of the geomagnetic field variations
during the last eight millennia but important data dispersion and chronological gaps are still
observed. In order to improve this pattern, we oriented our research towards the study of
Greek prehistoric ceramics and pottery collections. We present here new archaeointensity and
mineralogical results from pottery and ceramics collected in two Bronze Age sites in Northern
Greece, corresponding to the middle third and middle second millennium BC. Thermal de-
magnetization experiments, thermomagnetic curves, thermal demagnetization measurements
of three axes composite isothermal magnetization and first-order reversal curves (FORC) di-
agrams were performed in order to define the main magnetic carriers and select the most
promising samples for archaeointensity determination. The results suggest that the majority
of the studied materials are dominated by a mixture of superparamagnetic and stable single
domain grains, with very little magnetic interactions. In almost all samples the main magnetic
carrier observed is a low coercivity mineral, most probably magnetite and/or Ti-magnetite.
Classical Thellier experiments, including both the thermoremanent magnetization anisotropy
and cooling rate corrections were performed on the selected samples. Two new archaeointen-
sities were obtained and compared with previous data available for Greece and neighbouring
countries and with global geomagnetic field models results. In order to investigate the causes
of the high rate of failure observed in our archaeointensity experiments, we re-examined the
results obtained from the study of four collections already published by better characterizing
the magnetic and mineralogical properties of the studied fragments. Specific hysteresis curves
performed at different layers of ceramic fragments reveal an important degree of inhomo-
geneity. Mineralogical analysis of selected samples from the totality of six Greek prehistoric
sites studied, including new X-ray powder diffraction analysis and a detailed description of the
different geological contexts, is provided. The results suggest that the sherds were all fired in
medium-high temperatures (mostly between 500◦ and 800 ◦C). The nature of the baked clay
paste in response to the local geology appears to account for a part of the variability inmagnetic
properties. We suggest that X-ray powder diffraction analyses and thorough examination of the
geological environment in combination with a satisfactory knowledge of the corresponding
excavations history might provide an additional tool to appropriately select pottery fragments
before performing future archaeointensity experiments.
Key words: Europe; Archaeomagnetism; Magnetic field variations through time; Palaeoin-
tensity.
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1 INTRODUCTION
In the last 15 years, great progress on archaeomagnetic research
has been achieved both in Europe and worldwide (Brown et al.
2015 and references therein). As a consequence, our knowledge
about the variation of the Earth’s magnetic field in the past has
greatly improved. For example, new evidence of short-lived re-
gional maxima intensity episodes has been recently recovered but
the spatial and temporal variation of these features is still poorly
understood (e.g. Shaar et al. 2011; de Groot et al. 2013; Genevey
et al. 2016; Go´mez-Paccard et al. 2016). One of the most important
constraints for the accurate description of the geomagnetic field
strength evolution in the past is the absence of continuous records
due to the limited availability of well-dated archaeological material
suitable for archaeointensity determinations. The Balkan area, due
to its rich archaeological heritage, provides a unique opportunity
to recover an almost continuous reconstruction of the full geomag-
netic field vector during the last millennia. Balkan archaeomagnetic
studies started in the late 1960s with the work of Mary Kovacheva
(Kovacheva 1969). Since then, a considerable amount of both direc-
tional and intensity data have been added (see Kovacheva et al. 2014
for a recent compilation). In Greece, systematic archaeomagnetic
investigations started about 10 yr later (see Tema & Kondopoulou
2011 and De Marco et al. 2008, 2014 for a review), although the
first data were published before, by Belshe´ et al. (1963). Together
with some results from Serbia and South Hungary, the Bulgar-
ian and Greek data provide an almost continuous reconstruction
of the full geomagnetic field vector variations in the Balkan area
for the last 8000 years. However, the temporal distribution of the
Balkan data is still uneven and several issues regarding the relia-
bility of some of the published Greek archaeointensity data have
been outlined (De Marco et al. 2008; Tema & Kondopoulou 2011;
Go´mez-Paccard et al. 2012a; Tema et al. 2012). For instance, the
scarcity of archaeomagnetic data from the fourth millennium BC
is due to several occupation gaps attested in many sites of Greece,
especially Northern Greece, as well as in Bulgaria (Maniatis 2014
and references therein; Tsirtsoni 2016). This gap is partly bridged
in Southern Thasos Island where settlements covering the second
half of the fourth millennium BC have been excavated and dated
(Maniatis et al. 2015). Two other major features may be observed
for the prehistoric period in the Balkans: the uneven temporal dis-
tribution of the data during the entire Bronze age (third and second
millennium BC) and the systematically lower Greek archaeointen-
sities, in comparison with the Bulgarian ones, for the Late sixth
to the Late third millennium BC (Tema & Kondopoulou 2011).
Contrary to Bulgaria, where the considerable amount of prehistoric
data was obtained only from ‘in situ’ structures, Greek data for this
period come almost exclusively from ceramics and pottery. Such
collections are abundant in Greece and are very often well studied
as far as their clay characteristics are concerned and also accurately
dated (e.g. Reingruber & Thissen 2009; Nodarou 2010; Hein &
Kilikoglou 2012; Wardle et al. 2014; Urem-Kotsou 2016, among
others).
In an effort to elucidate these questions, we focus on this period
and present here the archaeomagnetic study of several ceramic frag-
ments collected from two archaeological sites located in Northern
Greece (red stars in Fig. 1), corresponding to the Middle and Late
Bronze Age: Skala Sotiros (SKO) and Apsalos (APK), respectively.
The new archaeointensity data obtained, together with a revision
of previously published data from Greece, provide new insights
on geomagnetic field intensity changes during prehistoric times.
Moreover, and in order to further investigate the causes of the high
rate of failure observed in the archaeointensity experiments per-
formed, we also present an extensive mineralogical characterization
of both successful and failed samples through first-order reversal
curves (FORC) diagrams, hysteresis curves and optical X-ray pow-
der diffraction (XRPD) analysis. Selected Greek potteries from four
previously studied prehistoric sites (blue stars in Fig. 1a) are also
re-examined through the same approach. Additionally, we favoured
an extended geological introduction to the archaeological studied
sites. The knowledge of local geology is of paramount importance
for the petrographic study of ceramics since the cross-examination
of the clay paste and geological formations allows the localization
of potential sources for the raw materials used. Altogether, the min-
eralogical and geological data provide further information on the
firing conditions of the studied ceramics and offer new potential for
successful selection of pottery characteristics before using them for
archaeointensity determination.
2 ARCHAEOLOGICAL AND
GEOLOGICAL CONTEXT, DATING
AND SAMPLES DESCRIPT ION
The two studied sites, APK and SKO, are situated in Northern
Greece (Fig. 1a) but belong to different geological and archaeolog-
ical contexts. Their main features related to both aspects are given
below:
The APK archaeological site is situated in the Vardar zone and
Almopias subzone, which is constituted by alluvial deposits over-
lying Mesozoic flysch and Mio-Pliocene volcanoclastic formations
and volcanic tuffs. Intense volcanism during the Early Quaternary
resulted in the emplacement of several volcanic centres. During the
construction of a new road in the late nineties, two archaeological
sites were reported and excavated near the village of Apsalos, one
corresponding to the Middle Neolithic and the other to the Late
Bronze Age. Within the Bronze Age settlement an almost intact
ceramic kiln, several depositories and abundant ceramic fragments
documented the existence of a workshop area. The findings within
the kiln were matt-painted and engraved sherds. A total of 11 inde-
pendent fragments, 5 from the sherds and 6 from the baked clays
found within the kiln from the collapsed roof (Fig. 1b, APK sam-
ples) were selected for archaeomagnetic analysis. All fragments
were dark red and medium grained. In order to define the kiln’s
age, two radiocarbon datings have been performed by the excava-
tor at Demokritos Archaeometry Laboratory, Athens. The analysed
samples were a carbonated peg immediately north of the kiln’s en-
trance with code number DEM-1145 and a carbon piece within a
pit, at the side of the kiln and code number DEM-1149 (Chrysos-
tomou et al. 2002 and Maniatis, personal communication, 2016).
The 14C ages were calibrated using the Oxcal 4.2. online software
(http://calib.qub.ac.uk/calib/) and the INTCAL13 curve (Reimer
et al. 2013). Both uncalibrated and calibrated results are given
in Table 1. The Chronomodel model (http://www.chronomodel.fr)
was used to synthesize the interval time ranges for the beginning,
the occupation and the end of the site (Lanos et al. 2015; Lanos
& Philippe 2015, 2017). According to well-established archaeo-
logical constraints (Chrysostomou et al. 2002; Maniatis, personal
communication, 2016), the pottery fragments studied here for ar-
chaeointensity experiments can be ascribed to the abandonment of
the APK archaeological site and therefore we retain the age range
associated to the end of this phase [1511–1202 yr BC, 95 per cent
level of confidence], obtained with the Chronomodel software. Due
to the kiln’s typology, this phase cannot be younger than 1300 yr
BC (A. Georgiadou, personal communication, 2016) therefore we
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Figure 1. (a) Location map of the new sites APK and SKO (red stars) and the previously studied ones ARH, BS, DT, SKS (blue stars). (b) The ceramic
collection from APK. Numbers 1–6 correspond to baked clays from the collapsed roof and 7–11 to sherds. (c) The representative group from SKO.
Table 1. Radiocarbon results available for the studied sites (see text for
details). The 14C ages were calibrated using the Oxcal 4.2 online software
(http://calib.qub.ac.uk/calib/) and the INTCAL13 curve (Reimer et al. 2013).
Lab Code Age BP Calibrated Age BC
(95% level of confidence)
DEM-1145 (APK) 3128 ± 30 [−1491, −1298]
DEM-1149 (APK) 3170 ± 30 [−1502, −1399]
DEM-1852 (SKS) 3595 ± 30 [−2025, −1886]
DEM-1743 (SKS) 3638 ± 30 [−2130, −1917]
DEM-1742 (SKS) 3562 ± 35 [−2019, −1774]
DEM-103–84 (SKO) 3840 ± 50 [−2463, −2146]
DEM-106–87 (SKO) 3840 ± 40 [−2459, −2154]
DEM-105–86 (SKO) 3838 ± 40 [−2459, −2153]
use, for evaluating our results, the mean value [−1364 ± 99] as
deduced by the Chronomodel calculations.
The prehistoric settlement of SKO is situated at the southwestern
part of Thasos. This island, which belongs to the Rhodope zone,
is composed by metamorphic rocks, mostly schists and gneisses,
covered by coarse-grained marbles and dolomites. The upper hori-
zons consist of sandstone with a marly matrix and clay intercala-
tions, while alluvial deposits occur in the major bays. The settle-
ment has been systematically excavated since the 1980s (Koukouli-
Chrysanthaki 1989) and has been classified as Early-Middle Bronze
Age. Traces of firing structures were unearthed indicating in situ
production activities. Two habitation phases, referred as Skala
Sotiros II and III from older to younger, have been defined for
this site. The two phases are separated by a destruction level but no
gap in the occupation of the settlement has been observed. In our
previous study (Tema et al. 2012) we presented the archaeointensity
results obtained from the study of six pottery fragments (SKS col-
lection) corresponding to the latest habitation phase III, and which
was initially dated between 2200 and 2100 yr BC. Three new radio-
carbon dates (DEM-1742, DEM-1743 and DEM 1852 in Table 1)
allowed the chronological limits for SKS to be revised (Koukouli-
Chrysanthaki et al. 2008; Koukouli-Chrysanthaki & Papadopoulos
2016). Based on these three radiocarbon dates we have used the
Chronomodel program to synthetize the results (Lanos & Philippe
2015, 2017). Since the radiocarbon samples correspond to different
occupation moments of the SKS site, the Phase Time Range given
by the program has been retained: [2221–1621 yr BC, 95 per cent
level of confidence]. However, well-established recent archaeolog-
ical constraints (see Koukouli-Chrysanthaki & Papadopoulos 2016
for details) propose upper and lower limits for SKS at the end of the
third millennium BC and the second century of the second millen-
nium BC. Therefore an estimated time range between 2050 yr BC
and 1800 yr BC is finally retained.
In the present contribution we focus on the archaeomagnetic
study of 36 pottery fragments (here-and-after referred as the SKO
collection, Fig. 1c) retrieved from the older habitation phase II
of SKO, which is dated from the middle of the third millennium
BC to its last century (Koukouli-Chrysanthaki & Papadopoulos
2016). This phase is divided in three subphases a, b and c from
older to younger. The fragments studied in the present study cor-
respond to the older phases and were selected in order to put a
clear chronological distance with phase III (SKS). Three radiocar-
bon dates, corresponding to the excavation plot from which our
samples were retrieved, are given in Table 1. The beginning of the
SKO phase based on the Chronomodel synthesis of these three ra-
diocarbon dates provides a mean age of [2750–2211 yr BC] (at
95 per cent level of confidence.) Moreover, we performed five lu-
minescence analyses on the same fragments which were used for
the archaeointensity experiment. The single-aliquot regenerative-
dose (SAR) protocol, introduced by Murray & Wintle (2000), was
used in order to estimate the equivalent dose by optically stimu-
lated luminescence (OSL). All OSL measurements were performed
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Table 2. Summary of the new OSL experiments performed on the same pottery fragments studied for archaeointensity determination. The natural radioactivity
data and the derived OSL dates are referred to year 2012 and not to 1950 as commonly used in radiocarbon dating.
A/A Lab Ed U Th K DR OSL dates referred Calibrated Age BC
Code (Gy) (ppm) (ppm) (%) (Gy ka−1) to year 2012 (95% level of confidence)
1 SKO-23 15.955 4.167 7.551 1.73 3.5595 4305 ± 225 [−2793, −1794]
2 SKO-32 16.236 4.363 7.963 1.85 3.7716 4483 ± 258 [−2977, −1966]
3 SKO-33 14.925 3.852 8.512 1.56 3.3757 4421 ± 221 [−2842, −1997]
4 SKO-04 15.950 4.448 8.599 1.59 3.5891 4444 ± 213 [−2850, −2015]
5 SKO-12 15.560 4.012 8.112 1.69 3.5130 4429 ± 212 [−2833, −2002]
at the Laboratory of Radiation Applications and Archaeological
Dating, Athena—Research and Innovation Center in Xanthi,
Greece. Further information of the protocol followed can be found
in the Appendix. It is worth noting the remarkable internal con-
sistency of the individual dating points associated to our studied
fragments. The five OSL dating results are described in Table 2 and
provide us a mean age for our collection of 2400± 159 yr BC. This
mean age is very similar to the radiocarbon result when the mean
value [−2451 ± 168] is selected. However, since the OSL results
are directly obtained from the same fragments we used to derive the
archaeointensity results, we decided to keep the mean OSL date as
the final age for our collection.
The 47 pottery or baked clay fragments collected from both sites
were treated at the Palaeomagnetic Laboratory of the Institute of
Earth Sciences Jaume Almera ICTJA CSIC-CCiTUB (Barcelona,
Spain). Four salt-pellet specimens were prepared per fragment fol-
lowing the same procedure used in our previous studies (Tema et al.
2012), taking into account that there is no control about the position
of the specimens inside the salt-pellets. Specimens labelled A and B
were used for pre-selection tests (magnetic mineralogy and thermal
demagnetization analysis) while specimens C and D were used for
the archaeointensity determination.
3 EXPERIMENTAL PROCEDURES
3.1 Rock magnetism
Archaeointensity determination from ancient potteries by means of
the Thellier and Thellier method (Thellier & Thellier 1959) is fre-
quently characterized by a high failure rate, generally caused either
by alteration of the magnetic minerals and consequently of their
magnetic properties during laboratory heatings or by the presence
of multidomain grains. Therefore, a good knowledge of the nature,
the size and the thermal stability of the thermoremanence carriers
present in the samples could be very useful for selecting the most
promising ones for archaeointensity determination. For this reason
we carried out several rock-magnetic tests before archaeointensity
experiments.
At a first stage, stepwise thermal demagnetizations were per-
formed on representative specimens using aMolspin magnetometer
and a MMTD80 furnace at the Palaeomagnetic Laboratory of the
GeophysicsDepartment in theUniversity of Thessaloniki. These ex-
periments were performed in order to investigate the stability of the
remanent magnetization of the samples and identify the specimens
carrying two components of magnetization. Low-field monitoring
ofmagnetic susceptibility versus temperature (K–T curves) was also
performed for seven specimens. For the thermomagnetic analysis a
Kappabridge KLY 3 (Institut de Physique du Globe, Paris) was used
in order to determine the Curie point of the magnetic carriers, as
well as their stability during heating. The experiments were carried
out in air. Susceptibility values were recorded continuously from
room temperature up to 630 ◦C and back to room temperature.
Thermal demagnetization of a three axes composite isothermal
remanentmagnetization (IRM;Lowrie 1990)was also carried out on
three samples at the ALP Palaeomagnetic Laboratory (Peveragno,
Italy). IRMwas imparted with an ASC pulse magnetizer along three
orthogonal axes with values of 0.1, 0.5 and 1.6 T. Stepwise thermal
demagnetization of the composite IRMwas performed with a TSD-
2 Schonstedt furnace, following 40 ◦C temperature steps. After each
demagnetization step, the remanent magnetization was measured
with a JR6 spinner magnetometer (AGICO). These experiments
were performed in order to estimate the unblocking temperatures of
the soft-, medium- and hard-magnetic components, respectively.
In addition, hysteresis curves and FORC diagrams were mea-
sured at the IPGP-IMPMC Mineral Magnetism Analytical Facility
with a magnetometer (μ-VSM) from Princeton Measurements Cor-
poration. These diagrams allow a qualitative characterization of
the magnetic domain assemblage. They were performed at room
temperature on selected samples. Hysteresis loops were measured
between −0.5 and 0.5 T with an averaging time of 0.1 s. FORC
diagrams were measured with an averaging time of 100 ms and a
saturating field of 1 T. Depending on the sample, between one hun-
dred and two hundred FORCs were used to calculate each FORC
diagram. They were analysed with the VARIFORC software (Egli
2013), with a variable smoothing factor. The variable smoothing
considerably reduces the noise levels by applying larger smoothing
factors to the background, while preserving the areas along the axes
with relatively small smoothing factors.
3.2 Archaeointensity determination
Archaeointensity determination was carried out at the Palaeomag-
netic Laboratory of Ge´osciences-Rennes (Universite´ de Rennes 1,
France). The classical Thellier palaeointensity method (Thellier
& Thellier 1959) including regular partial thermoremanent mag-
netization (pTRM) checks and TRM anisotropy and cooling rate
corrections upon archaeointensity estimates has been used. This
method, based on the comparison between natural remanent mag-
netization (NRM) lost and partial thermoremanent magnetization
(pTRM) gained in a known laboratory field, is one of the most ac-
curate approaches for archaeointensity determination. Experiments
were carried out in air. At each temperature step, the samples were
first heated and cooled with a laboratory field of 50 µT applied
along their Z-axis and then, specimens were heated and cooled with
the laboratory field applied in the opposite direction. The exper-
imental procedures followed are the same as in previous studies
(e.g. Go´mez-Paccard et al. 2006, 2008, 2012b). In order to detect
possible alteration in the magnetic mineralogy of the samples, reg-
ular partial thermoremanent magnetization (pTRM) checks were
performed every two temperature steps. The TRM anisotropy and
cooling rate effects upon intensity estimates were calculated at the
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specimen level. The TRM anisotropy tensor was determined from
the acquisition of a TRM in six different directions applied during
the Thellier experiment at temperatures at which around 70 per cent
of the NRM intensity was lost. All NRM and TRM measurements
were corrected for TRM anisotropy. In addition, the cooling rate de-
pendence of TRM acquisition has also been estimated by applying
four additional heating steps. A slow and free cooling time of about
24 hr was used for the calculation of the cooling rate effect (see
Go´mez-Paccard et al. 2006 for further details of the protocol used
to estimate the cooling rate correction factors). In order to guarantee
the reliability of the intensity values, several quality criteria have
been used to select acceptable Thellier experiments at the speci-
men level. First, pTRM checks have been considered as positive if,
at a given temperature, the difference between the original pTRM
and the pTRM check did not exceed 10 per cent of the total TRM
acquired. Then, we fixed a limit of 50 per cent for the fraction of
the initial NRM used for archaeointensity estimations (f parameter;
Coe et al. 1978). Only linear NRM–TRM diagrams corresponding
to well-defined straight lines going to the origin of the Zijderveld
diagrams have been considered. The maximum angular deviation
(MAD; Kirschvink 1980) and the deviation angle (DANG; Pick
& Tauxe 1993) were restricted to 5◦. The protocol applied pro-
vides, in our opinion, the bases to recover reliable archaeointensity
estimations.
3.3 X-ray powder diffraction analysis
X-ray powder diffraction analysis provides a valuable tool to esti-
mate the firing conditions of potteries by identifying the different
mineral phases present in the composition of ceramic bodies. The
presence or the absence of specific mineral assemblages can be used
to determine the degree of thermal transformation undergone by the
clay paste at the temperature and atmosphere applied during the fir-
ing procedure. Consequently, this information can be used to estab-
lish the firing conditions (temperature, atmosphere, time) achieved
by potters during the operation of the kilns (Rathossi et al. 2010;
Issi et al. 2011; Kramar et al. 2012; Matau et al. 2013; Ballirano
et al. 2014; Compana et al. 2014; De Bonis et al. 2014; Holakooei
et al. 2014). The results can reveal either the presence of primary
minerals representative of their raw materials or the crystallization
of new high-temperature minerals which are the product of reac-
tions between the decomposed primary minerals as the temperature
increases. The XRPDmeasurements were carried out with a Bruker
D8 Advance Diffractometer with Ni-filtered Cu-Ka radiation, oper-
ating at 40 kV, 40mA, and equippedwith a Bruker LynxEye detector
at the Department of Geology, University of Patras (Greece). The
scanning area covered the interval 2–70◦2θ , with a scanning angle
step of 0.015◦ and a time step of 0.3 s. Qualitative analysis of min-
eral phases was performed using the DIFFRACplus EVA software
(Bruker-AXS, USA) based on the ICDD Powder Diffraction File.
The minerals were quantified using a Rietveld-base quantification
routine with the TOPAS software (DIFFRACplus TOPAS Ver. 3.0
Tutorial, Bruker-AXS, USA).
4 RESULTS
4.1 Rock magnetic properties
Before archaeointensity determination, a first selection of the ma-
terial was done on the basis of the thermal demagnetization re-
sults followed by measurements of the low-field susceptibility after
Figure 2. K–T curves for four representative fragments. Continuous curves
indicate the heating branches up to 630 ◦C and dotted curves the descending
(cooling) branches.
each heating step. For the majority of the studied APK samples,
a single magnetic component was identified after the removal of
a viscous low-temperature component during the first temperature
steps. On the contrary, some SKO samples showed a more com-
plex behaviour, with two clear components of magnetization in the
Zijderveld diagrams and were therefore rejected for archaeointen-
sity experiments. After this initial pre-selection, the variations of
the magnetic susceptibility with temperature were monitored. The
provided thermomagnetic curves show a very good reversibility in
most cases and exhibit a single slope change in both heating and
cooling (Fig. 2). The corresponding Curie temperatures were calcu-
lated with themethod of the second derivative and vary between 550
and 580 ◦C for the APK samples, resulting from the dominance of
magnetite or Ti-poor titanomagnetite. On the contrary, higher Curie
temperatures from 595 to 620 ◦C are observed for the four SKO
samples, suggesting the presence of thermally stable maghemite
in these samples. Stable maghemite has been observed in previous
archaeomagnetic studies (Catanzariti et al. 2012).
Thermal demagnetization of three-axis IRMexperiments (Lowrie
1990) for APK-10A and SKO20-B are plotted in Figs 3(a) and (b),
respectively. The other analysed specimen (SKO-31A) shows a very
similar behaviour to SKO-20B. In agreement with the thermomag-
netic curves, these experiments indicate the progressive and nearly
complete demagnetization of the IRM below 590 ◦C. They also
reveal that most of the magnetization is carried by the magneti-
cally soft fraction (<0.1 T, blue dots in Fig. 3) while the medium
and high-coercivity components are generally minor (green and
red dots). This is consistent with the dominance of a low coercivity
mineral, most probablymagnetite, Ti poor-magnetite or maghemite.
Hysteresis properties were measured for five specimens from the
APK site and nine from the SKO site. The Day plot (Day et al.
1977) in Fig. 4 gives a general overview of the parameters obtained
from the hysteresis curves. As generally observed in archaeological
materials, the values of Hcr/Hc andMrs/Ms fall in the pseudo-single
domain range. This indicates the presence of a mixture of single
domain (SD) and multidomain (MD) or SD and superparamagnetic
(SP) grains in the studied samples. In order to further investigate the
grain size of the studied material, FORC diagrams were performed.
The FORC diagrams for three out of the four studied samples from
APK site show two peaks: one very close to the origin, with almost
vertical contours, characteristic of SP grains, and one centred at a
coercivity around 10–15 mT, with contours extending up to 60 mT,
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Figure 3. Thermal demagnetization of orthogonal three-axis composite
IRM for two representative fragments from APK-up and SKO-down.
characteristic of stable SD grains (Roberts et al. 2000; Fig. 5a).
The spread along the horizontal axis is limited (full width at half
maximum (FWHM) of the FORC profile along the vertical passing
through the peak <10 mT), indicating that magnetostatic interac-
tions are not important. The FORC diagrams for samples APK-3
and APK-6 show only one SP peak that extends along the horizontal
axis. The 11 studied samples fromSKO site are also characteristic of
an assemblage of SP and SD grains in various proportions (Figs 5b
and c), with maximum coercivities as high as 100 mT. The FWHM
of the SD peak along the vertical axis is also smaller than 10 mT.
According to the FORC diagrams, the carriers of the magnetization
in the samples from both sites are very fine grains with moderate
interactions and at a first approach they should be favourable for
Thellier–Thellier archaeointensity determinations.
4.2 New archaeointensity data from the Greek Bronze Age
On the basis of the rock-magnetic experiments described in the pre-
vious section, the most promising fragments were selected for ar-
chaeointensity determination. A total of 10 ceramic fragments from
APK and 13 fragments from SKO (in both cases two specimens per
fragment) were analysed following the Thellier and Thellier proto-
col described in the previous section. Two types of behaviour have
been observed: some specimens showed a well-defined straight line
Figure 4. Hysteresis parameters for the APK and SKO samples. The SD–
MD and SD–SP mixing lines are calculations for magnetite from Dunlop
(2002).
going towards the origin of the Zijderveld plots after removal of
a weak secondary component of magnetisation (Figs 6a–d). This
characteristic component likely corresponds to the TRM acquired
during themanufacture of the fragments. Themaximum unblocking
temperatures observed range between 470 and 580 ◦C, which is in
agreement with the rock-magnetic results described previously. For
these specimens linear NRM–TRM diagrams are obtained. How-
ever, some specimens show a more complex behaviour with straight
lines not pointing to the origin of the Zijderveld plots, with nonlinear
NRM–TRM plots (Fig. 6e) or showing a clear failure of the pTRM
checks even if very well-defined straight lines going towards the ori-
gin are observed in the Zijderveld diagrams (Fig. 6f).These features
very likely correspond to mineralogical changes and, according to
the selection protocol described before, these samples were dis-
carded for archaeointensity calculations. Twenty archaeointensity
determinations (13 from APK and 7 from SKO, see Supporting In-
formation Table S1) were accepted. The accepted archaeointensities
correspond to 7 and 4 independent fragments from APK and SKO,
respectively (N in Table 3). The NRM fraction used for archaeoin-
tensity determination ranges between 0.52 and 0.79 corresponding
to quality factors between 4.2 and 41.5 (see Supporting Information
Table S1). The effect of TRM anisotropy upon archaeointensity de-
termination has been investigated for all specimens. Differences be-
tween the uncorrected and TRM anisotropy corrected values lower
than 10 per cent are observed except for APK-03D for which a value
of 10.5 per cent has been obtained. The cooling rate calculated fac-
tors are lower than 10 per cent. In some cases the alteration which
occurred during the cooling rate protocol (see Supporting Informa-
tion Table S1) hampered a reliable estimation of this effect and the
uncorrected values were used to derive mean intensity results.
From the 20 archaeointensities obtained at the specimen level
we calculated first, a mean per sample when more than one speci-
men were available, and then a mean intensity value for each site.
The means were derived using the mean weighting factors as sug-
gested by Prevot et al. (1985). The two new mean intensities are
summarized in Table 3. They have been obtained from 7 (APK)
and 4 (SKO) independent fragments and from 13 and 7 specimens,
respectively. Mean values of 67.4 ± 5.4 µT for the APK site and
of 76.9 ± 6.0 µT for SKO are retained. The protocol and the num-
ber of specimens used to derive these means correspond to the A
‘high-quality’ category defined in Pavo´n-Carrasco et al. (2014a).
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Figure 5. FORC diagrams for samples APK-10 (a), SKO-16 (b) and SKO-31 (c). 200 FORCs measured with an averaging time of 100 ms were processed
with the VARIFORC software of Egli (2013). Note that the Hc and Hu scales are the same on the two diagrams.
Approximately 40 per cent for the APK, and 73 per cent of the
SKO specimens studied were rejected for the archaeointensity de-
termination. These results suggest that the classical pre-selection
criteria applied here (one single component of magnetization, re-
versibility of thermomagnetic curves and fine grains with moderate
interactions) do not guarantee reliable archaeointensity estimations.
4.3 Re-evaluation of previous results through magnetic
measurements
The number of reliable archaeointensity data in Europe is con-
stantly increasing but the success rate of the Thellier method and
its variants remains low, hampering the satisfactory coverage of ar-
eas or archaeological periods. In the literature, several pre-selection
procedures before archaeointensity determinations have been pro-
posed (e.g. Cui & Verosub 1995; Cui et al. 1997; Jordanova et al.
1997, 2001; Leonhardt et al. 2004; Carvallo et al. 2006). Never-
theless, some of these procedures are almost as time consuming
as a Thellier experiment and a full success cannot still be guaran-
teed. For example, our first attempt to obtain archaeomagnetic data
from Prehistoric Greek ceramics had also a moderate success (Tema
et al. 2012) and this was followed by a total failure (Fanjat et al.
2013), while in both studies standard magnetic mineralogy exper-
iments and material selection criteria were applied. It is therefore
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Figure 6. Typical NRM–TRM diagrams. Examples of accepted (a–d) and rejected (e, f) archaeointensity results of representative specimens. The NRM–TRM
diagrams are shown together with the Zijderveld diagrams, in sample coordinates. In the Zijderveld diagrams, open (solid) circles are projections upon vertical
(horizontal) planes. NRM–TRM plots are normalized to the initial NRM intensity and for the accepted data (a–d) closed circles correspond to temperature steps
used for archaeointensity determinations. The estimated archaeointensity after TRM anisotropy correction (Ftrm), the NRM fraction used and the corresponding
quality factor (q) are indicated.
necessary to further investigate the possible causes of this failure
and explore alternative approaches for pre-selection criteria.
In this perspective we decided, first, to re-examine the magnetic
properties of previously studied Greek prehistoric ceramics. A con-
siderable number of prehistoric intensity data from Greek ceramics
and pottery collections are available. Nevertheless several problems
have been outlined for this data set, mainly related to the laboratory
protocols applied and to the lack of standard quality criteria as, for
example, pTRM checks (for a review see De Marco et al. 2008).
For this reason, in the present study we revise only data obtained
according to the most recently adopted protocols and with direct
involvement of one or more researchers from our group.
Apart from the two sites presented here, four Greek pottery col-
lections have been analysed within the above frame: ARH and SKS
(Tema et al. 2012) and Dikili-Tash (DTc) and Vassili (BSc; Fanjat
et al. 2013). The mean intensities derived from these previous stud-
ies are also reported in Table 3, together with our new results. A
brief overview is provided as Supporting Information M1 (further
details can be found in the corresponding publications). In an effort
to obtain additional information about the magnetic mineralogy of
1458 D. Kondopoulou et al.
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Figure 7. Day plot (Day et al. 1977) of ARH, DTc and BSc specimens.
The SD–MD and SD–SP mixing lines are calculations for magnetite from
Dunlop (2002). Numbers along curves are volume fractions of the soft
component (SP or MD) in mixtures with SD grains. All the data plot on the
PSD range.
these collections and investigate if the cause of the archaeointensity
failure was the presence of MD grains, we performed additional
hysteresis and FORC experiments not included in these studies.
Fortunately, in all but one case (site SKS) a sufficient quantity of
non-treated material was still available. We consider this gap as in-
significant since sites SKS and SKO belong to the same settlement
but to different habitation levels. Thus, the raw materials used for
the pottery remain the same as attested also by relevant chemical
analyses (Kilikoglou & Tsolakidou 2012).
Hysteresis parameters fall between the SD–SP and SD–MDmix-
ing lines (Fig. 7). The four FORC diagrams of samples from the
Arhontiko (ARH) site are all very similar to the FORC diagrams of
the newAPK and SKO sites and also show the presence of a mixture
of non-interacting SP and SD magnetic grains (see two examples in
Figs 8a and b). Sample ARH-5 has contours that are more spread
along both axes than the other three samples (Fig. 8b). The four
samples from Dikili-Tash (DTc) also show FORC diagrams that are
characteristic of an SD–SP mixture with little interactions. The SD
peak of the distribution is between 10 and 30 mT, so the two peaks
are more or less well separated (Fig. 8c). Finally, the two analysed
samples from Vassili (BSc) are characterized by a SP peak close to
the origin and a well-separated SD peak with contours extending up
to over 100mT (Fig. 8d), with little spread along the horizontal axis.
From these analyses, it appears that FORC diagrams of all examined
samples suggest that they are suitable for successful Thellier-type
experiments. However, and as pointed out before, this was not the
case for most of the studied sites. In order to enrich our magnetic
data set, we decided to perform a series of hysteresis experiments
from different layers within the ceramics. The measurements were
carried out at room temperature with a P.A.R.155 Vibrating Sam-
ple Magnetometer (VSM) in the Physics Department, University
of Thessaloniki. We performed the experiments on 14 samples of
the same collection, selected on the basis of their success or fail-
ure during the Thellier experiment. Each fragment was cut with a
diamond wheel in three layers of 5 mm thick each. A first speci-
men was prepared from the outer layer of the fragment’s surface (t:
top); two more specimens were cut from the middle and inner part
layers (m: middle, b: bottom). The specimens corresponding to the
three different layers were pulverized and the produced powder was
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Figure 8. (a–d) Representative FORC diagrams for the ARH, DTc and BSc specimens. A total of 200 measured FORCs with an averaging time of 100 ms
were processed with the VARIFORC software of Egli (2013). Note that the Hc and Hu scales are the same on the different diagrams.
homogenized. A sample powder of 50 mg from each layer was used
to trace the magnetization hysteresis loop. This procedure allows to
check the magnetic homogeneity of the examined samples. Among
the 14 samples examined, 7 are fairly homogeneous and 7 display a
clear inhomogeneity with the main feature being the magnetically
different surface layer due either to varnishing which was not de-
tected visually or to the firing procedure. Some examples are given
below:
(1) Within the thickness of 15 mm (that is approximately the
mean thickness of the ceramic fragment used for archaeomagnetic
studies), differences either on the magnetic phases or amounts
1460 D. Kondopoulou et al.
of similar magnetic minerals appear with a clear differentia-
tion on the material’s magnetic phase from the external layer
(Fig. 9a).
(2) Within the same thickness of 15 mm, one magnetic phase
could be present, with the concentration of SD magnetite diminish-
ing with depth (Fig. 9b).
(3) In another case the SD magnetite content is increasing with
depth (Fig. 9c).
(4) The remaining eleven curves and relevant comments can be
found in Supporting Information Figs S1–S11.
4.4 Detailed mineralogical description and
inferred firing conditions
As a final step, 22 sherds from APK, ARH, SKO, and SKS have
been subjected to detailed mineralogical examination by means of
XRPD analysis. Additionally, we compiled and extended the cor-
responding published XRPD data from BSC and DTc sites (Fanjat
et al. 2013) for a better comparison. The results were used to as-
sess the firing conditions (temperature, atmosphere, duration) and
the proportion of Fe-bearing minerals (hematite, magnetite). The
deduced mineralogical composition of each analysed ceramic frag-
ment is a good recorder of the degree of pyrometamorphism, which
occurred during the firing procedure and, as a consequence, of the
firing conditions that prevailed in the combustion place, either kiln
or open fire. Moreover, the coexistence of specific minerals (e.g.
Ca-Al silicates minerals or Al-silicate minerals, oxides) in min-
eralogical assemblage, could offer information for the chemical
composition of the clay materials used for the ceramic production.
Fig. 10 and Table 4 present the main results obtained, including the
weight percentages of Fe-bearing minerals, the estimation of firing
conditions, and the macroscopic observation of the ceramic body
colour.We report here themain conclusions derived for the different
studied sites from north to south:
4.4.1 APK ceramic collection
The selected clay paste for the production of APK pottery was
mainly Ca-poor and Fe-rich suggested by the red colour of sherds
and the absence of carbonate minerals in most samples (only two
samples include dolomite in their mineral composition, probably
made by different clay mixture). The mineralogical results from
APK pottery are compatible with relatively low firing temperatures
T≈ 500 to 750 ◦C.This conclusion is derived from the fact thatmany
primitive minerals, such as chlorite and dehydrated smectite that de-
fine the very low firing T≈ 500–650 ◦C as well as talc and actinolite
which indicate a slightly higher temperature (up to 750 ◦C), are still
preserved and no evidence for neocrystallization, as a result of high
firing process, has been detected (Mackenzie 1957; Grim 1968; De
Souza Santos & Yada 1988; Moore & Reynolds 1989; Kloprogge &
Frost 2000; Grapes 2006; Rathossi et al. 2010; Table 4). Hematite
is the dominant Fe-bearing mineral, which was quantified in five
out of six samples (Fig. 10 and Table 4), indicating the prevailing
oxidizing or mildly oxidizing atmosphere (lower magnetite content)
during their firing.
4.4.2 Arhontiko (ARH) ceramic collection
The geological background of the archaeological site consists of
neogene sediments (marls, red clay, sand) which are in contact with
an ophiolitic complex, composed of plutonic and volcanic rocks,
Figure 9. Layered magnetization measurements for three representative
samples. The magnetic inhomogeneity is clearly shown (see the text for
details).
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Figure 10. X-ray diffraction patterns of representative samples at various
firing temperatures from the five studied sites, that is, (a) APK/ARH, (b)
BSc/DTc (Fanjat et al. 2013) and (c) Skala-Sotiros (SKS, SKO). The esti-
mated firing temperature for each sample is given in Table 4. Abbreviations:
Qtz, quartz; Plg, plagioclase; Kfd, k-feldspar; Cc, calcite; Do, dolomite; Mi,
white mica; Chl, chlorite; Sm, smectite; dSm, dehydrated smectite; Tc, talc;
Act, actinolite; Tr, tremolite; Di, diopside; Anl, secondary analcime; He,
hematite; Mgt, magnetite.
as well as with metamorphic rocks (marbles, schists). According to
archaeological information, the ceramics from the late Bronze Age
period were characterized as coarse to fine grain wares with inclu-
sions of quartz, calcite, mica and traces of organic materials. They
were probably fired at temperatures between 750 to 900/950 ◦C in
oxidizing conditions (Deliopoulos 2014). The samples analysed in
this study, present rock fragment inclusions in their composition
with a grain-size up to 5 mm. Their firing conditions, as recorded
by the mineralogical analysis of ceramic body, indicate that in sam-
ples ARH4, ARH5, ARH6 the detected reflections of primary clay
minerals which were components of the clay paste, such as de-
hydrated chlorite (at ≈13.85 A˚) and dehydrated smectite mark a
low firing T ≈ 550–600 ◦C (Mackenzie 1957; Grim 1968; Moore
& Reynolds 1989; Rathossi et al. 2010). On the contrary, the ab-
sence of clay minerals in samples ARH1, ARH3, ARH7, ARH9 and
the trace of undecomposed calcite (<2.0 wt per cent), without any
trace of neocrystallization, suggest T ≈ 750–800 ◦C (Shoval et al.
1993; Murad &Wagner 1998; Rathossi & Pontikes 2010a; Fig. 10c,
Table 4). The percentage content of magnetic minerals is low, circa
1 to 2 wt per cent for the majority of the samples (six out of seven;
Table 4). The mineralogical assemblages point out to two kinds of
clay paste used for the ceramic production, a Ca-poor which refers
to three of the analysed samples and a Ca-rich clay for the other four
samples (trace of calcite). This discrimination suggests a different
raw material source.
4.4.3 Dikili-Tash (DTc) ceramic collection
The site is located in a geological setting consisting of meta-
morphic rocks such as marbles, gneisses and mica schists and
smaller outcrops of recent terrestrial sediments. The mineralogical
composition of the analysed samples reveals that the firing temper-
ature was sufficient for the decarbonation of calcite (750–800 ◦C),
derived bymarble grains.Nevertheless, only in one sample,DTc1 4,
the firing temperature exceeded 800 ◦C and led to the crystallization
of new high T phases (e.g. gehlenite and ferrian aluminian diop-
side (fassaite)) but did not transcend 900 ◦C since the white mica
structure persists (Rathossi & Pontikes 2010a; Fanjat et al. 2013;
Fig. 10a, Table 4). The high temperature mineral phases in sample
DTC1 4 indicate that its clay paste could be characterized as Ca-
Fe-rich clay coming from the surrounding area. In a thorough study
of the geological environment around Dikili-Tash through petro-
graphic and pedological examination, Germain-Valle´e et al. (2011)
have localized the sediments contemporary to the site’s function-
ing. This lead to the conclusion that a fine-texture soil was used for
the construction of fired material in the site. It is very likely that
the same material was included in the production of ceramics. The
amount of magnetite Fe-oxides is relatively low, up to 1.55 wt per
cent probably due to the incorporation of the iron ions in the struc-
ture of high T mineral phases (Table 4; Rathossi & Pontikes 2010b
and references therein, Rathossi et al. 2010).
4.4.4 Skala Sotiros (SKO and SKS) ceramic collections
The settlement is situated on recent deposits (clay, sand, gravel) and
metamorphic rocks (marbles, mica schists, amphibolites gneisses).
Several petrographic and chemical analyses were performed in the
past on Thasian clays (Kilikoglou & Tsolakidou 2012; Youni 2012)
and the ones directly related to this site will be further discussed in
the last paragraph.
Our mineralogical examination on nine samples indicated that
the firing temperature, for most studied samples (SKO5, SKO9,
SKO16, SKS1, SKS2, SKS7) ranges between 700 and 800 ◦C, as
suggested by the preservation of calcite even in low amounts (up
to 3 wt per cent) or its absence in combination with the absent
1462 D. Kondopoulou et al.
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neoformed calcium aluminium silicate minerals (i.e. diopside,
gehlenite, anorthite; Shoval et al. 1993; Murad & Wagner 1998;
Moroni & Conti 2006). Only two samples (SKO21 and SKS5) ex-
hibit low firing T ≈ 600–650 ◦C according to the presence of the
dehydrated clay mineral smectite (peak at d ≈ 9.60 A˚; Macken-
zie 1957; Grim 1968; Moore & Reynolds 1989). Sample SKS3
has been fired at extremely high temperature T ≈ 1050–1100 ◦C
assessed by the high amount of neocrystallized ferrian-aluminian-
diopside (fassaite) Ca (Fe3+Mg) AlSiO6 (≈35 wt per cent) and
the high concentration of analcime (≈9.0 wt per cent; Rathossi &
Pontikes 2010a; Fig. 10b, Table 4). The last is a secondary mineral
formed by the post-depositional alteration of ceramic’s glassy phase
(Schwedt, et al. 2006). Concerning the iron oxide content, a very low
amount has been calculated, and only two samples contain hematite
1.58 wt per cent (SKO9) and magnetite 1.81 wt per cent (SKS3;
Table 4). The sample SKS3 suggests that its clay paste for the ce-
ramic production in Skala Sotiros could have been derived from
Ca-Fe-rich sediments.
4.4.5 Vassili (BSc) ceramic collection
A wide range of firing temperatures from 600 (two samples) up
to 900◦C (three samples) has been determined for the pottery of
Vassili as deduced by the presence or absence of calcium-aluminium
silicate minerals. Magnetic iron oxides, hematite or magnetite or
both, have been found to be developed in all samples (Table 4).
More details can be found in Fanjat et al. (2013).
5 D ISCUSS ION
5.1 Comparison with previous Greek archaeointensity
data and geomagnetic field models results corresponding
to the prehistoric period (from the seventh to the
beginning of the first millennium BC)
The new high-quality archaeointensities proposed here for Greece
can now be compared to the Greek archaeointensity database as
well as with the results derived from different geomagnetic field
models. The first consistent archaeointensity data set for prehistoric
Greece was presented by Thomas (1981), together with several ther-
moluminescence (TL) and radiocarbon datings, in a Thesis carried
out at the University of Edinburgh. In a subsequent publication,
the author presented only an outline of her basic results (Thomas
1983). Tema & Kondopoulou (2011) compiled the original data of
Thomas (1981) and noted systematically lower values for the Ne-
olithic and Chalcolithic periods, (broadly 6700–3300/3100 yr BC
for Greece) when compared to other contemporaneous data from
Bulgaria. In the pioneer study of Thomas (1981), archaeointensity
data were derived from potsherds using a combination of methods,
except the Thellier–Thellier one which proved to be unsuccessful at
a first trial. The optimum protocol the author has applied is referred
as ARM and SIRM corrections, and has been first cross-checked by
application to samples of known intensity. No pTRM checks were
performed since there was one single heating to impart a TRM. The
author proceeded to several other tests, for example, partial refir-
ing, thermomagnetic analysis etc. Anisotropy correction was not
systematically applied since all remanences were given in the same
direction as the NRM. In cases where this proved necessary, the
author applied the correction proposed by Kono (1978). The cool-
ing rate effect was not calculated since the sherds were left to cool
within 7–10 hr, close to the natural rate. It should also be mentioned
that in most cases only 1–2 specimens per horizon (but at least 3 per
century) were considered. It is clear that modern quality criteria are
not accomplished (see Genevey et al. 2008; Go´mez-Paccard et al.
2012a; Pavo´n-Carrasco et al. 2014a for a detailed discussion on
the different qualities of archaeointensity data). Nevertheless this
study took into account all possible precautions at that time and
we believe that the differences in intensity values observed may be
also explained by the low number of specimens per horizon and
the large age uncertainties in the TL datings. However, in two cases
corresponding to ages comparable with our sites, a satisfactory
convergence appears (table A1 in Tema & Kondopoulou 2011):
(1) Minoan kilns in Crete, dated at 1345 and 1558 yr BC with
age errors of 230–250 yr respectively and five specimens for each.
The calculated intensities of 60.1 ± 3.9 and 60.5 ± 7.3 µT, when
relocated to a mean latitude between APK and ARH (our sites with
comparable ages), yield values of 64.3 and 64.6 µT respectively
which, taking into account the error uncertainties, are reasonably
close to the values for APK and ARH.
(2) Sitagroi (Northern Greece, close to the site DTc): sherds
from the horizon dated at 2165 yr BC with error age of 100 yr.
Even if only one sample is referred, the obtained value of 55 ± 5.2
µT is in very good agreement with the one obtained for the SKS
collection revised in this study (1925 ± 125 yr BC) of 53.5 ± 4.1
µT (Tema et al. 2012). Apart from the numerous data from Thomas
(1981, 1983), several archaeointensity studies in Greece have been
performed (for compilations see De Marco et al. 2008; Tema &
Kondopoulou 2011; Aidona & Kondopoulou 2012; Tema et al.
2012; Fanjat et al. 2013; Kondopoulou et al. 2014, 2015). However,
only 83 data correspond to the prehistoric period (before 1000/900
yr BC).
The new data obtained here (orange dots in Fig. 11) have been
plotted together with all previous Greek archaeointensities. The
high dispersion of the Greek archaeointensity data set is clear, fur-
ther proving that some of the data might not be reliable. In an effort
to further explore the reliability of the archaeointensity Greek data
set we applied here the same protocol described in Pavo´n-Carrasco
et al. (2014a) and we divided the data in two groups: high-quality
(green dots in Fig. 11, corresponding to the A and B categories)
and data corresponding to archaeointensities that can be considered
as less reliable (grey dots in Fig. 11, C and D categories). A and
B categories include data derived from at least 4 specimens and
obtained from the original or derived Thellier–Thellier method in-
cluding pTRM checks and TRM correction via TRM anisotropy
tensor whatever the material analysed is, or data not including the
TRM anisotropy correction but obtained from unlikely anisotropic
objects (e.g. kilns, hearths, burnt soils). Considering the crucial
effect of TRM anisotropy on potteries, we think that these crite-
ria correspond to minimum quality standards for archaeointensity
determinations in Greece, where the majority of data have been ob-
tained from sherds and pottery fragments. The recently published
Bulgarian Bayesian curve is also plotted in Fig. 11 (Kovacheva et al.
2014). Finally, we also plotted the results computed using three ge-
omagnetic field models: the SHA.DIF.14k (Pavo´n-Carrasco et al.
2014b), the PFM9k.1 (Nilsson et al. 2014) and the CALS10K.10b
(Korte et al. 2011).
Fig. 11 shows that when only high-quality Greek intensities are
considered, the agreement between the Bayesian curve and Greek
intensities is generally high, especially for the modern period where
the Bulgarian curves are better defined. Some important discrepan-
cies are observed for the prehistoric period, but as stated before, the
lower number of reliable reference data for Greece at this period
may explain these differences. The new archaeointensity for APK
(1364± 99) fits very well with the high-quality intensity previously
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Figure 11. The new intensity results (in orange) are compared with previous high-quality archaeointensity data from Greece (in green) and with the Bulgarian
Bayesian curve (Kovacheva et al. 2014) relocated to Thessaloniki coordinates. The other Greek data, which do not accomplish modern quality criteria are plotted
in grey (see text for further details on the criteria used to perform the selection). The palaeointensity curves derived from the SHA.DIF.14k (Pavo´n-Carrasco
et al. 2014b), the PFM9k.1 (Nilsson et al. 2014) and the CALS10K.10b (Korte et al. 2011) are also plotted.
obtained for the same period (ARH, Tema et al. 2012, green dot
in Fig. 11) and with the Bulgarian curve. No previous archaeoin-
tensities are available for the same age than our new SKO intensity
(2400 ± 159 yr BC). The important divergence observed between
SKO and the Bulgarian curve can be due to the gap in the Bul-
garian database between 2500 and 1500 yr BC. It should be noted,
however, that the recently published curve for the Near East (Gallet
et al. 2014) also indicates a decrease in the intensity from 2500 to
1500 BC, in agreement with the new data obtained here. The impor-
tant differences observed between SKO and SKS (Table 3, Fig. 11)
suggest rapid intensity fluctuations occurring in Greece during the
third and secondmillenniumBC.Rapid changes have been observed
in other periods and regions and are quite usual in the history of
the Earth’s magnetic field (e.g. Go´mez-Paccard et al. 2008, 2012a;
Ben-Yosef et al. 2009; Shaar et al. 2011, 2015; Genevey et al.
2013; Herve´ et al. 2013; Ertepinar et al. 2016). Gallet et al. (2014)
have documented intensity maxima between 2600–2500 and 2300–
2000 yr BC in the near East and more recently, Ertepinar et al.
(2016) documented an intensity maximum around 2400 yr BC in
Anatolia. A clear decrease in intensity values between 2400 BC
and 2000 yr BC is also documented by Hammond (2014) on pottery
samples fromCyprus, as well as Ben-Yosef et al. (2016). Our results
are only indicative that such maxima might have occurred also dur-
ing the Greek Bronze age since new, high-quality, data are clearly
needed for further refining the Greek intensity fluctuations. Finally,
we compared the Greek data with geomagnetic field models results
(Fig. 11). It can be seen that the new data presented in this study
(orange dots) do not fit well with the models. This suggests that the
models pattern in Greece may be affected by some inaccurate data
included in the databases used for computing them. This possibility
has been already suggested in our previous studies (Go´mez-Paccard
et al. 2012a; Pavo´n-Carrasco et al. 2014a). The present results en-
courage us to continue with the acquisition of additional reliable in-
tensities from this region, for further improving the regional Greek
intensity curves and global geomagnetic field models.
5.2 Implications for pottery selection procedures
In order to exploit the causes of the failed experiments described
above and use them for future research, we further investigated the
information provided by the additional magnetic measurements and
the impact of XRPD analysis to firing conditions.
No clear correlation could be established between the layered
measurements of magnetization results and the success or failure of
the Thellier experiment. Nevertheless, and since all specimens used
for the archaeomagnetic study were at least 1 cm thick, the mag-
netic inhomogeneity observed between the external and the internal
parts of the ceramics—a total thickness of 1.5 cm—appears to be
a frequent feature likely to affect the archaeointensity experiments.
This is further reflected in the partially successful fragments which,
though classified as such, provide intensity values only for one or
two specimens (see Table 4). We note also that even a small amount
of SD grains on the surface, is supporting a successful Thellier
experiment. Therefore, the information provided by the above ex-
periment can be considered as a strong evidence for intrafragment
magnetic inhomogeneity but not as a pre-selection criterion.
The FORC diagrams provided valuable information on the mag-
netic mineralogy of the studied samples but did not establish a direct
correlation with successful or failed intensity results. At a first ap-
proach this seems contradictory with the results of Carvallo et al.
(2006) where a considerable improvement of pre-selection for Thel-
lier experiments was demonstrated. This is certainly related to the
fact that in this study, the main examined data set originated from
basaltic lavas and only eight potsherds-from the historical period-
were included. It is obvious that our first trial to correlate such a
screening with prehistoric pottery should be followed by more ex-
tended data sets, including various lithologies and archaeological
periods.
The serious difficulty which raises from the heterogeneous clay
pastes and concerns the use of twin specimens could be partly
overcome by the use of powders rather than small chips, when and
if this is possible.
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The XRPD results obtained on 22 specimens, which were also
subjected to Thellier experiments (failed and successful), indicate
medium to high firing temperatures for most of the studied sherds
and constrain better their firing conditions. However, important dif-
ferences on the firing temperatures within the same site are observed
in several cases, reaching up to 400 ◦C (e.g. samples SKO5 and
SKO3, Table 4). Differences in firing temperatures within the same
production and their impact on archaeointensity calculations were
suggested by Morales et al. (2011). At the fragment level, Gosse-
lain (1992) reported evidence for large scale differentiation in their
physical characteristics and Livingstone Smith (2001) documented,
on the basis of a large data set from 80 firing structures, the ex-
tended diversity and complexity of firing technologies. Comparison
between the mineralogical and the Thellier results, suggests that
potential reasons for failed or low-success intensity results could
be:
(1) The bad control of firing conditions such as the short firing
duration which forms a sandwich structure (colour layers) in the
ceramic body, which induces failure on archaeointensity determi-
nations even if the content of magnetic minerals is sufficient (i.e. all
samples-BSC from Vassili, samples SKS/SKO from Skala Sotiros,
ARH-9 from Arhontiko).
The fast firing process, though the temperature reaches 800 ◦C, is
not sufficient to lead in complete sintering across the ceramic body
so that, in the core, the clayminerals and calcite can be preserved and
the formation of oxide minerals is restricted to the surface layers.
In other cases, the inhomogeneity which is depicted with the colour
layers, is created either by the changing atmosphere during firing,
from reducing to oxidizing (i.e. samples BSC) or by the presence
of organic matters in the clay paste (i.e. samples SKS/SKO). Thus
the crystallized magnetite and/or hercynite (spinel) remain in the
core whilst on the surface it transforms to hematite (Maritan et al.
2006).
(2) The high content of quartz and feldspar grains as it is ob-
served in samples from Skala Sotiros (SKS–SKO) in combination
with the high calcite content and/or the presence of metamorphic
rock fragments in the clay paste’s composition, and the sandwich
structure in many samples lead to failed intensity results. The high
concentration of calcite (CaO > 5 wt per cent in clay paste) leads
to the formation of Ca-Al-rich minerals (pyroxene, melilite) which
incorporate the ferric/ferrous ions into their structure (Rathossi &
Pontikes 2010b and references therein). This state has a negative
effect on the crystallization of oxide minerals, particularly if the
iron percentage in the clay paste is low, the oxide minerals are ab-
sent or, in spite of the high iron content in clay paste, the iron oxide
concentration is low.
Because the XRPD analysis uses ceramic powder (better mixing
of ceramic body) it is easier to detect the low content of oxide
minerals, while the pieces used for the archaeointensity analysis,
may not be representative in oxide mineral concentration.
(3) The high concentration of calcite or/and limestone fragments
in clay paste plays a pivotal role for low-success/failed intensity
results. As the firing temperature rises, above 750 ◦C, a Ca-rich clay
paste prevents the formation of magnetic minerals. All ferric or
ferrous irons which are involved, participate in the structure of Ca-
Al-rich mineral phases (i.e. ferrian aluminian diopside, gehlenite)
rather than in the formation of iron oxide minerals (Rathossi &
Pontikes 2010a,b).
The results indicate that sites SKS/SKO (Thasos island) seem
very unpromising for future archaeointensity studies in the area.
The chemical and petrographic features of the prehistoric pottery
in relation to the clays of the broader area were already investigated
prior to the present study (Kilikoglou & Tsolakidou 2012; Youni
2012) and indicated that the clays used for Skala Sotiros pottery (16
samples) are local, chemically homogeneous and distinct from the
other sites in the north and western coast of the island.
The anisotropic clay paste revealed by petrographic examination
of the same group indicates a firing temperature below 800 ◦C and
is in accordance with the XRPD results of the present study.
Therefore, within Thasos island, at least one clay source could
provide ceramics unsuitable for archaeointensity studies. Detailed
description and potential reasons for the specific characteristics of
Thasian ceramic products can be found in Supporting Information
M2.
On the opposite, the absent or very low calcite content and the
contribution of ophiolitic and volcanic rock fragments in clay paste
of samples of sites ARH/APK (Vardar zone) suggest materials more
suitable for future studies.
The potential of mineralogical methods is very promising and
should be extended to the raw materials in the areas likely to pro-
vide the initial clays. For instance, in some samples from almost
all sites (except Dikili Tash), the detection of preserved phyllosil-
icate minerals such as chlorite, smectite and mixed-layer minerals
(Table 4, Fig. 10) which were included in their clay paste sug-
gests the potential crystallization of iron oxides if only the firing
temperature had exceed 700 ◦C, leading to the dehydroxylation and
decomposition of theseminerals and the formation of the Fe-bearing
minerals.
The relation of the baked clay products with the raw materi-
als prevailing in a region and their suitability for archaeomagnetic
studies has been first investigated by Jordanova et al. (2001). A
further detailed study was presented by Kostadinova-Avramova &
Kovacheva (2013) who, using artificial samples from three differ-
ent clay types in Bulgaria, performed numerous mineralogical and
magnetic experiments in order to explain failed archaeointensity
results on kiln materials. The main conclusion of the authors is that
‘materials repeatedly heated in the antiquity are more appropriate
for archaeointensity studies than single baked material’. We partly
agree with this statement but we would like to point out that ce-
ramics and pottery, when properly selected and studied, are also
suitable candidates for archaeointensity studies. An additional ar-
gument towards this statement is that repeated heatings, even to
high temperatures, do not guarantee success in an archaeointensity
experiment as we have demonstrated in our comparative study on
kilns (Kondopoulou et al. 2014).
6 CONCLUS IONS
Two new high-quality archaeointensity data for Greece are pre-
sented in this study. Thellier experiments have been accompanied
by extensivemagneticmineralogy investigations. The new data con-
tribute to a better monitoring of the Secular Variation during the
Greek Bronze Age. One result (site APK) shows a very good agree-
ment with previously published data from Greece while the second
(site SKO) is clearly higher than the ones available for the same
period. We note, however, that this time span (around 2400 yr BC)
lacks high-quality data and we suggest, after a closer examination
of the source data (De Marco 2007), that the laboratory protocol
used, age uncertainties, and the small number of specimens used to
derive mean site intensities are possible factors for this divergence.
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Evidently, more data are necessary to better document this high in-
tensity obtained which nevertheless shows the same tendency with
Bronze age data from the Near East (e.g. Gallet et al. 2014, 2015). A
combination of detailed magnetic mineralogy, X-ray diffraction and
the geological context analysis on pottery from the two new sites
is proposed here as well as on material from four Greek prehistoric
sites previously studied.
Based on our results and on the thorough study of available liter-
ature on the subject we consider that proposing a pre-selection pro-
tocol for prehistoric ceramics needs a larger and more variable data
set. Nevertheless our present experience allows us to suggest that the
geological environment should be well examined, by applying mag-
netic and optical methods to the raw clays and possibly by retrieving
information on magnetic properties of adjacent formations through
existing palaeomagnetic studies in the area (Kondopoulou et al.
2016). Subsamples for various measurements should be taken in
close proximity within the fragment and alternating field treatments
should be eligible for a quick check of domain state, as proposed
also by Carvallo et al. (2006). This approach allows the maximum
use of the available archaeological material since magnetic experi-
ments do not destroy the samples.
Finally, we stress the fact that pre-selection of fragments through
a simple thermal demagnetization, though suggested in the past, has
not been fully considered as an important first step to easily elim-
inate the samples carrying two components of magnetization. We
highlight here this point since inmany cases, secondary components
are not connected only with cooking pots which can be discarded
during sampling. Reheatings can be a consequence of burial when
and if fire is set above any covered settlement. This heated surface
can produce substantial thermal alterations of the archaeological
burned artefacts buried in an earlier stage in the sequence. Apart
from thermal alterations, the chronometric datings on such sites
(e.g. luminescence) can be seriously affected, therefore the history
of an archaeological settlement is crucial when both archaeomag-
netic and/or luminescence studies are planned (Aldeias et al. 2016).
This should be combined to the knowledge of local pottery firing
technology since several practices include use of grog tempers (or
chamotte). In fact either crushed pieces of previously burnt ce-
ramics or crushed igneous rocks—granites or volcanics—are often
included in the clay paste. This practice has been quite common in
Bronze Age settlements in South Greece and Crete (Kiriatzi et al.
2016).
Consequences for archaeointensity studies have not been investi-
gated yet and though the magnetic signal is probably not affected in
the case of ceramic inclusions, it certainly is in the case of granite
and volcanic ones (Rasmussen 2001).
Improving the outcome of archaeointensity studies on Greek pre-
historic pottery/ceramic collections appears as an urgent target with
a considerable potential. The extended archaeological information
when available on prehistoric collections, together with accurate
datings and existing analyses on the used clays, constitute an asset
for the future development of this discipline.
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nents at specimen level.
Figure S1.Layeredmagnetizationmeasurements for sampleAPK1.
The magnetic content is homogeneous containing either hematite,
or small amounts of MD magnetite.
Figure S2. Layered magnetization measurements for sample
APK10. The magnetic content is homogeneous containing big
amounts of MD magnetite.
Figure S3.Layeredmagnetizationmeasurements for sampleARH1.
Possibly varnished surface containing SD magnetite while less MD
magnetite is observed in depth.
Figure S4.Layeredmagnetizationmeasurements for sampleARH3.
The magnetic content is homogeneous containing MD magnetite.
Figure S5.Layeredmagnetizationmeasurements for sampleARH5.
The magnetic content is homogeneous with high amounts of MD
magnetite.
Figure S6. Layered magnetization measurements for sample
BSc13. Big amounts of SD magnetite are found on surface, and
MD magnetite in depth.
Figure S7. Layered magnetization measurements for sample
BSc25–3. Themagnetization is not homogeneous as different layers
contain SD magnetite in different percentage.
Figure S8. Layered magnetization measurements for sample DTc3.
The magnetization is homogeneous with high content of MD mag-
netite.
Figure S9. Layered magnetization measurements for sample SKO2
showing a possible insufficient heating.
Figure S10. Layered magnetization measurements for sample
SKO16. Possibly varnished surface or with different thermal treat-
ment. Small amounts of MD magnetite or hematite.
Figure S11. Layered magnetization measurements for sample
SKO31. The magnetization is homogeneous due to SD magnetite.
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APPENDIX : LUMINESCENCE DATING
MEASUREMENTS
Luminescence dating works on the principle that materials con-
taining naturally occurring radioactive isotopes, such as natural
uranium, thorium 232Th, rubidium 87Rb and potassium 40K, or
which lie in close proximity to other materials containing these
radioactive elements, are subject to low levels of radiation (Walker
2005). These naturally occurring minerals act as natural dosime-
ters and preserve a record of irradiation dose received through time
(Aitken 1985, 1998). The accumulated dose is stored by means of
trapped charge in crystal defects, being stable over long periods
of time but can be released either by heating (TL) or exposure
to light (OSL).
This is the process of recombination over which a fraction of the
trapped charge releases energy in the formof light. The brightness of
the luminescence signal reflects the total amount of trapped charge;
thus, it also reflects the time subjected to irradiation. When dating
kilns, any prior trapped charge is usually emptied by prolonged
heating, every time that the material is subjected to firing; thus,
electrons are evicted and traps are emptied. In that case, the material
is said to be totally zeroed. In a nutshell, archaeomagnetic and
luminescence dating techniques date exactly the same event, this
being the last heating of the artefacts at high temperature.
Towards the direction of age determination, the knowledge of two
different physical quantities is requested; the total accumulated dose
during the past, termed as palaeodose or equivalent dose (hereafter
ED in units of Gy), as well as the rate at which this energy-dose
is accumulated, termed as dose rate (hereafter DR in units of Gy
ky−1). The age is expressed as the ratio of these two later quantities,
that is, the palaeodose over the dose rate.
In the SAR OSL technique the signal intensity of an aliquot of
extracted grains (called natural OSL) is recorded; then the same
aliquot is subjected to a series of subsequent laboratory irradiations
with a calibrated radiation source and OSL measurements.
Each disc was exposed to infrared radiation for 100 s at 50◦ C
before the laser stimulation, in order to reduce the malign influence
of feldspars grain to the signal. The procedure is similar to the dou-
ble SAR procedure of Banerjee et al. (2001), containing additional
SAR steps in order to minimize the need for chemical separation.
The dose rate is calculated based on the decay of naturally occurring
radionuclides inside the clay matrix, that is, 232Th, 40 K, and natural
U. Uranium and thorium concentrations were estimated using thick
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source alpha counting, while the potassium concentration by using
micro-XRF. Table 2 presents an outline of the physical quantities
required in order to perform age assessment, along with the corre-
sponding yielded ages. In the present case a RISØ TL/OSL reader
(model TL/OSL-DA-15), equipped with a high-power blue LED
light source, an infrared solid-state laser, a 0.106 Gy s−1 90Sr/90Y
β-ray source and an EMI 9635QA PM Tube (Bøtter-Jensen et al.
2000) were used.
All OSL measurements were performed at the continuous wave
configuration (CW-OSL), for 100 s at 125 ◦C with the LED power
held at 90 per cent power at 125 ◦C, using a Hoya U-340 filter
(270–380 nm).
